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Motivation

Production of charmed hadrons in bottomonium decays

e multi-scale problem
my > mpw ~ me > Wl},w2 ~ AQCD

fun playground for EFT!
Theoretical and experimental efforts on inclusive ¢t production
e sizeable production of ¢ in Xy e good agreement with the NRQCD
and T decays prediction
P c+X
State B(xp(nP) — D'X) Xps(nP) — c¢ +
X0 (1P) 5.6+£3.6+0.5% G. T. Bodwin et al., Phys. Rev. D 76:054001 (2007);
X2 (1P) 54+1.9+0.5% T(nS) —» cc+X
B(T(1S) — D*¥X) ) )
T(IS) 252+ 0.13L0.15% D. Kang et al., Phys. Rev. D 76:114018 (2007);

CLEO, Phys. Rev. D 78:092007 (2008);
BaBar, Phys. Rev. D 81:011102 (2010).



Motivation

For exclusive processes x,; — DD, n, — DD*
o highly energetic & massive final states

e need for collinear degrees of freedom

Use non relativistic (NRQCD, pNRQCD) and collinear (SCET, bHQET) effective theories
1. provides factorization formula at leading order
e extract information on bottomonium and D structure
2. allows to resum logs of the ratio of scales involved in process
3. can be extended beyond LO, to account for perturbative and power corrections

4. gives the tools to (at least) investigate the factorization of power corrections

Recent applications

e T —J/p+Xatx — 1
X. Liu, Phys. Lett. B 685:151 (2010).
e double charmonium production in bottomonium decays

see V. Braguta talk in V. V. Braguta et al., Phys. Rev. D 80:094008 (2009);
Production Phys. Rev. D 81:014012 (2010).



Scales and Effective Theories

bottomonium
o decay 2my,

o structure myw, myw?, Aocp

D meson

® mass m,

pl = mvH + kP
pi o~k

e D meson rest frame
v =(1,0)

k* = ANocp



Scales and Effective Theories

bottomonium
o decay 2my,

o structure myw, myw?, Aocp

boosted D meson

® mass me
pl = mH + kH
o~k
e D meson rest frame e bottomonium rest frame
vk =(1,0) v = 2my /me(X2, A0, X)
k" = Aocp kH = 2mpNocp/me(A2, A0, X)

A =me/2my



Scales and Effective Field Theories

e integrate out 2my

o myuw, m still dynamical

EFT I: NRQCD & SCET
NRQCD SCET
_ (E> p) . (P+7P;7PL)
e non relativistic band b (nw?, myw) e collinear candc  2m,(\°, 1, A)
e potential gluons (mpw?, mpw) e collinear gluons  2m; (N2, 1, \)
e soft gluons (mpw, mpw) e soft gluons 2mp(A, A, A)
e ultrasoft gluons (mpw?, mpw?) e ultrasoft gluons  2my (A2, A2, A\?)

mpw ~ 2mp\ ~ me 3> Nocp



Scales and Effective Field Theories

pNRQCD

(E, p)
(mpw?, myw)

e non relativistic b and b

e ultrasoft gluons (mpw?, myw?)

e non local potentials

mpw ~ 2mp\ ~ me 3> Nocp

integrate out 2my,

o myuw, m still dynamical

EFT I: NRQCD & SCET

e integrate out m. and mpw (the soft

modes)
EFT II: pNRQCD & bHQET
bHQET

(pt,psp1)

e ucollinearcandz  Q(N\?,1,)

e ucollinearuandd  Q(N\?,1,))

e ucollinear gluons ~ Q(N\?, 1, )

e ultrasoft gluons 0N\, 2%, \2)

Q ~ 2mpNocp [me



Effective Field Theory I

«
\\
iJacp = iC(p)Jerry (1) -
Matching
e At leading order in the EFT and tree level in o :
% ¢ ag(2my)
JEFT' = Xgaﬁt_tawb X;l‘ Sj‘; am J_ta Sn XZ and C(l,[, = Zmb) = “(’1172’) .

b

and Running
e p~dependence driven by RGE in NRQCD + SCET

2mb

Jocp = C(p)Jerr; (1) = C(up = 2my) <7W

g
) exp U(2my, me)Jgrr, (10 = me)



Running in EFT I

usoft loops

collinear loops

I
YEFT; = -2 {’Y((h) + rcusp(a.r)ln (m) }

process dependent universal, known to three loops

o resum Sudakov logarithms

Leading Log (LL) ol In"t! m, /2my,  oneloop  Teusp(ars)

Next to Leading Log (NLL) o In" mc /2my, twoloop  Teusp(cxs)
one loop (o)

SSRNEN

e numerically LL and NLL approximately equal



Effective Field Theory II.

=

25+1 -
iMerr, = C(1) Tap(w, @, p, 1!, T1Ly) @ F (1) (DaDB| Oy " (w,@; 1) [ BB(T'Ly))

A/B e {P, Vi, VT}

v,

S,

Ve



Effective Field Theory II.

25‘+1LJ

iMerr, = C(p) Tag(w, @, p, 1, L)) @ F2 (1) (DaDp|Oyy ™ (w, @i 1) | BH(3T1Ly))
A/B e {P, Vi, VT}

e P wave
Cr 4mag (/' 1
TAA(wia))#7#/:mC73PJ):7§M7_ Ae{Pva}7J:Oy2
NZ mp, w+w

A=Vy, J=2

e S wave , B
Crpamos(p') 1w —@

Tpy, (w, @, i, ! = me, 189) =
P il e S0) N? m, 2w+

e non trivial dependence on w and @ at tree level



Non-perturbative matrix elements

3 _ —o 0 _ 7 - _ Pi z
F2 (1) Opf (w, @, 1) = X,—t py-o1 ¥y H 5’75 §(—®—n-P)xk x40 (w —7- PT) 575 M,

o usoft decoupling: HZ — Y, HE, %\ — %L ¥}



Non-perturbative matrix elements

3
(PPIF* (1) Oy (w, @, 1)’ Po)

y _ T ol _ s
= (O] Py - oLl *Po) (PIFL; 5976 (< = n- P)xh[0) (PIR}0 (w—7- P1) S9°H10)

o usoft decoupling: HZ — Y, HE, %\ — %L ¥}

e factorization of initial and final state:

IPo) = 10)n [0)7[*Po)us, (PP| =n (P|7(P]us{0]



Non-perturbative matrix elements

3
(PP|F2(H/)Op?(w@,#')P%)
_ s
= (0xd p, - oL ¥3/*Po) (plHg 378 (=&—n- P) x510) (PIRh0 ( —n~7’T) 57 HI0)

o usoft decoupling: HZ — Y, HE, %) — %L ¥}

e factorization of initial and final state:

IPo) = 10)n [0)7[*Po)us, (PP| =n (P|7(P]us{0]

e quarkonium wavefunctions

2 3N,
<0|Xbph a1l xp0) = e . Xbo(o #),

N
(Ol unlm) =4/ 5 Ra, (0 4)-

and for S-wave



D-meson distribution amplitudes

3
(PPIF* (1) Optf (w, @, ' )|* Po)

= (O By o160 Po) (PIF 576 (@ = n - P)d10) (PIKL (w07 PT) 5009610},
e D-meson light-cone distribution amplitudes (DA)
(PR, 5776 (=7 PT) 1510) = i) 2 (e, )
and for vector mesons
Vel 58 (=7 PT) 10) = Py, () b s )

R _ - n-v
Vil 3716 (w =7 PT) H10) = Fry (u) el v (. 1)
heavy quark limit F4 (1 = mc) = fp+/mp,

fp =205.8 £8.5+2.5MeV



Factorization of the decay rate

e P wave
4"’0\/'"2 —4mj 3,
r AA v ~7 - c R (0, 1)
(0 = A4) =3 g O P Ry (0
n-vi-v dw dw 2
[FZ(M) — =T (w N PJ) Ga(@, p )OA(W'-,/L/):|
2 2 w @

Ae{P,V.}
e analogous expressions for x», — PP, V.V or VrVr.

2 /2
mpy/my, — 4DNC

8mwmy, 2

e S wave

n-v -y

2 2

dw do 2

;:T (w @, ' So) (ov, (@, 1" )pp(w, 1) — ¢y, (w, 1 )pp(@, p )):| .

I (mp — PVp +cc.) =

21C () P IRy (0.0)F 5 [



Running in EFT II

»
*
L

e pNRQCD graphs do not contribute to NLL running

e from bHQET graphs, convolution running

YeFT; = 29F8(w — W)@ — @) + vo (w,w';@,&"; 1)



Running in EFT II

»
*
L

pNRQCD graphs do not contribute to NLL running

from bHQET graphs, convolution running

’

Yerry = 29Fd(w — w')3(@ — &) + o (w, W' @,&" 1)
~r governs the running of D-meson decay constant
Yo running of the D-meson DA
B. Lange and M. Neubert, Phys. Rev. Lett. 91:102001 (2003).

analytical (though gory) solution for the evolved matching coefficients.



Results. ['(xp0 — DD)

— * NLL resummation ]

gaisiiy No resummation

i Ap = 0.460 £ 0.110 GeV
0.04

0.03

0.02

Q[ TTTT[TITT [ TTIT[TO R [TTTT[TITT[TT

0005 S
Ao (GeV)

Non perturbative parameters

e R, (0)]> =2.3 GeV? lattice
e D-meson e
ép(w, p’ ~ 1GeV) = We 0

e choice of \p inspired by B-physics!



Results. ['(xp0 — DD)

— * NLL resummation ]

gaisiiy No resummation

i Ap = 0.460 £ 0.110 GeV
0.04

0.03

0.02

Q[ TTTT[TITT [ TTIT[TO R [TTTT[TITT[TT

0005 S
Ao (GeV)

Non perturbative parameters

2 _ 5 : .
* IRy, (0)]F = 2.3 GeV lattice o relevant impact of the NLL
e D-meson resummation

#p(w, ' ~ 1GeV) = W e ™0 o strong dependence on DA
ars o )\ 048
e choice of \p inspired by B-physics! parameters ~ A,



Results. ['(xp0 — DD)

~ NLL resummation

3
X gosf,
= - == - Noresummation

Ap = 0.460 £ 0.110 GeV
op=14+04

Non perturbative parameters

2 _ 5 :
* IRy, (0)]F = 2.3 GeV lattice e strong dependence on DA
parameters ~ A

e D-meson
ép(w, p’ ~ 1GeV) = o relevant impact of the NLL
4 @ 1 2(op — 1) resummation
p -2 o
i -vAp 1+ &% |1+ &2 2



Results. ['(xp0 — DD)

;0.040_ ¢B‘D
Q@ K p—
E’0.0SS} ! — QEvsun J
0.030F
o025 Ap = 0.460 & 0.110 GeV
E op=14+04
0,020
0.015;
0.010i—
o.oosf— -
°'°°°;J.£5‘ L ‘0.\4. L ‘°.4L5. L ‘o.‘s‘ L Ly s
A (GeV)
Non perturbative parameters
/ 2 5 :
* IRy, (0)FF =23 Gev lattice e strong dependence on DA
e D-meson parameters ~ AE4
dp(w, p’ ~ 1GeV) = e relevant impact of the NLL
4 o 1 2Aop — 1) resummation
77 vap 1+ @2 [1 Tl m In & e two DAs in rough agreement



Results. ['(xp0 — DD)

Uncertainties

o non-perturbative corrections: Agcp /me ~ 30%
perturbative corrections

e QCD onto EFT I matching: o (2m;,) ~ 10%

e EFT I onto EFT II matching: ai(mc) ~ 30%

p=2m,
e mild dependence on variation
of i (~ 5%)

P(w) = ¢P" (w)

0.




Results. ['(xp0 — DD)

Uncertainties

o non-perturbative corrections: Agcp /me ~ 30%
perturbative corrections

e QCD onto EFT I matching: ai(2my) ~ 10%

e EFT I onto EFT II matching: ai(mc) ~ 30%

—_— p =m,

L F e mild dependence on variation
-126e
= of i (~ 5%)

e wild dependence on variation
of ' (~ 50%)

P(w) = ¢P" (w)

| | 1 |
85 0.6
., (@eV)

- RERARARRRFRRRN RARS:



Results. ['(xp0 — DD)

Uncertainties

o non-perturbative corrections: Agcp /me ~ 30%
perturbative corrections

e QCD onto EFT I matching: ai(2my) ~ 10%

e EFT I onto EFT II matching: ai(mc) ~ 30%

—_— p =m,

L F e mild dependence on variation
-126e
= of i (~ 5%)

e wild dependence on variation
of ' (~ 50%)

P(w) = ¢P" (w)

| | 1 |
85 0.6
., (@eV)

- RERARARRRFRRRN RARS:

One loop EFT I to EFT II matching for stable result!



T {KeV)

0.13

0.12

Non perturbative parameters

e bottomonium
|Ry, (0)]? = 6.92 4 0.38 GeV?

Results. ['(n, — DD* + c.c.)

..... 3y, - 570 = 0.05
\cm - alfa=0.1

oo- log, - ol =015

O[T TTT [T T[T [TTT[TTT[TTLPT

* D-meson ¢ = B, g+ = GBI

1
Ap = E()\D + /\DZ)

s Lo
2 >\D
o =20p

e strong dependence on DA
parameters ~ )\[_,4



Results. ['(n, — DD* + c.c.)

5 F — — T, =0.300 Gev
e T

£ oas|- —— %, =0.400 Gev

F — - %, =0.500 GeV

- T, = 0.600 Gev
015
o1
0.05—

Non perturbative parameters

e bottomonium e strong dependence on DA
|Ry, (0)2 = 6.92 % 0.38 GeV? parameters ~ A,,*
T decay e vanishes in spin-symmetry limit

o D-meson ¢p = $BN, v = gBrun op = bp=
e strong dependence on the
functional form



B 40

x10?

ofTTTT
b
a

o

Y

55 086
2y (GoV)

Branching Ratios

[0, - Go¥C = 005

05, - GHfa = 0.1

|0 = %lfa = 015

o B(xp — PP)intherange4 - 107 —4.107>

e B(ny — PV + c.c.) in the same range

e too small in this range for Ap ...

0.55 - 06
T, (GeV)

... but hope if Ap in the 0.25 — 0.35 GeV range

e 1, — DD*, xp; — DD do not dominate 1, — c¢ + X, xps — ¢c¢c + X



Conclusions

EFT approach:
e allows factorization of dynamics of different scales; 2my,, mc, Agcp.
e can be extended to C-odd bottomonium decays, T — DD, T — D*D*.

e and to power-suppressed processes, 1, — D*D*, xpp — DD* + c.c.

Exclusive, charmed decays of bottomonium

e good candidates for extraction of bottomonium and D-meson parameters

strong dependence of DA paramaters
but
e quite large theoretical error

include perturbative and non-perturbative corrections!

o rather small branching ratio
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Anomalous dimension in EFT I

YEFT; = -2 {'Y((Yx) + rcusp(ax) In (ﬁ) }

with
T
Y(as) = 3Cp + 2Ne + i—
Ne
and )
[¢ 1
rcusp(ax) = i rgugp + (4A) rgugp

67 10
Q=acr, e |(5 - )N Gl



Running Factors in EFT I

as(1)  da o do/

as(Ho

as(p) do

=-2 ——Tus .
8(po, 1) ooy B(@) p(@)

Explicitly, at NLL

cusp

Uy, 1) = 2nr£32p r—1—rlnr ﬁo’yg? Inr+ rElﬁlp B @ 1—r+Inr
’ B as(p) 27 (), r@ bo 4rr

(0)

51 2 j| 7Im
+ In“r| +—"1Inr,
8780 Bo
and © )
rcusp rcusp B Qs (;Ufb)
8, 1) = Inr+ - r=101.
( b ) Bo |: <r((:82p o 4n ( )

where r = o (1) /o (pp)-



Running Factors in EFT II

w

The anomalous dimension in EFT is
eEFTy (W, '3 @, &% ') = 29 6 (w — W) 6 (
)]

wn

with
Yo (w,w';@,&"; 1)
%4CF6 (w—w')é(@—a) {—1 +ln(
: )++9(u—/—w)9() >
i( ]
w—w /g

4
24Cr6 (w - o) [9 @-a) (

X4C1:6 ((I) —
s

Q.

4



Running factors in EFT II

FA(u) T(w, ®, p, /s *Py) =

9@ —w) [TU+gr2+g)
@ { r(1—g)(—g) [71”5J”Z’(l*g)*w(*g)er(lJrg)*w(ZJrg)]
lw Ig+2)l(g+3)
1

w
L1, 4+2,8+3:3,1—g2—g——
25T g (Wbt —e s )

I+g r(2+2g)* -
—(£)" dcos(em O, (g+1,2g+2,2g+3:2,g+3;—¥)}+(waw),
w g+2 w

( C) CF Ao (ul)

ww

125 . AN
exp [V(ue, 1)) (w)

e at NLL

(0)

rCllS rnglz S
g(#f)vl/) - _ 2BOP {1nr+ < (0)p _ ﬁ()) « (/"‘0)( _ 1)}

cusp

27 | r—1—rlnr FEE,Z Biy1—r+Inr Bi
T e e P —_— Py
bor)==Tawel "oy T\r® " &) an T sms

+ —F(ZfS'yE)lnr,
Bo



T (KeV)

[(n, — DD*) with exponential DA

— =T, = 0.300 GeV
— %, =0.400 GeV
— - Fp=0.500 GeV

Z, = 0600 GeV.

I I I L |
.35 0.4 0.45 0.5 055

o

o[ TTTT

_ 06 -0
%, (GeV) s

e one or two orders smaller than the result with 4)%”‘”“
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